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Abstract
BACKGROUND—Studies in rodents provide compelling evidence that microorganisms 
inhabiting the gut influence neurodevelopment. In particular, experimental manipulations that alter 
intestinal microbiota impact exploratory and communicative behaviors and cognitive performance. 
In humans, the first years of life are a dynamic time in gut colonization and brain development, but 
little is known about the relationship between these two processes.
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METHODS—We tested whether microbial composition at 1 year of age is associated with 
cognitive outcomes using the Mullen Scales of Early Learning and with global and regional brain 
volumes using structural MRI at 1 and 2 years of age. Fecal samples were collected from 89 
typically developing one-year-old infants. 16S rRNA amplicon sequencing was used for 
identification and relative quantification of bacterial taxa.
RESULTS—Cluster analysis identified 3 groups of infants defined by their bacterial composition. 
Mullen scores at age 2 differed significantly between clusters. In addition, higher alpha diversity 
was associated with lower scores on the overall composite score, visual reception scale, and 
expressive language scale at age 2. Exploratory analyses of neuroimaging data suggest the gut 
microbiome has minimal effects on regional brain volumes 1 and 2 years of age.
CONCLUSIONS—This is the first study to demonstrate associations between the gut microbiota 
and cognition in human infants. As such, it represents an essential first step in translating animal 
data into the clinic.
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INTRODUCTION
The gut microbiome is a complex microbial ecosystem which varies between individuals 
and may be a key modulator of neurodevelopment through the microbiome- gut-brain axis 
(1; 2). In rodents, experimental manipulations that alter the intestinal microbiota impact 
anxiety and depression-related behaviors in a multiple well-established paradigms (3–6). 
Cognitive effects have also been reported (7; 8). Early development appears to be of critical 
importance as bacterial colonization of germ-free mice does not normalize anxiety 
phenotypes at 10 weeks of age (9), but does normalize anxiety phenotypes at 3 weeks of age 
(10). Behavioral changes are accompanied by changes in neurochemistry, gene expression, 
dendritic morphology, and subcortical brain volumes (5; 10–15). In humans, altered 
microbial composition of the gut has been reported in children with autism (16–18) and 
adults with depression (19; 20) and linked to childhood temperament (21) and adult 
cognition (22), but no studies have addressed when these relationships emerge or directly 
examined which brain regions may be involved.
The first year of life is the foundational period for microbial colonization of the gut and the 
most rapid and dynamic phase of postnatal brain development. Gut colonization is initially 
determined by method of delivery (23). Subsequently, the diversity of species within each 
individual (alpha diversity) increases rapidly as facultative aerobic Enterobacteriaceae give 
way to strict anaerobes, which are then displaced by a mixture of Clostridiales (24). 
Environmental factors influencing colonization include feeding practices (breast versus 
formula, introduction of solid foods etc.), day care attendance, illness, and exposure to 
antibiotics (25; 26). The microbiome is also influenced by genetics with 8.8% of taxa 
showing heritability greater than 0.2 (27). All these factors contribute to significant inter-
individual variation (28). While this dynamic progression is transpiring in the gut, several 
foundational processes are simultaneously occurring in the brain including the proliferation, 
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migration, and apoptosis of glia, myelination of axons, and synaptogenesis (29). These 
processes are accompanied by dramatic changes in brain tissue volumes (30; 31) and the 
rapid emergence of various cognitive functions.
A relationship may exist between these two concurrent processes, but this has not been 
empirically demonstrated. In this prospective, longitudinal study, we tested if the 1- year-old 
gut microbiome was associated with cognitive outcomes at 1 and 2 years of age. We 
hypothesized that infant gut microbiome samples would cluster into groups of community 
similarity and that cognitive ability would differ between clusters. Specifically, we predicted 
that overall cognitive performance would be highest in clusters with an abundance of 
putatively beneficial microorganisms such as Lactobacillus (32) or Bacteroides (4). We also 
predicted that lower alpha diversity (indicating a less mature microbiome) would be 
correlated with lower cognitive performance given reports that low alpha diversity in infancy 
precedes negative health outcomes including type 1 diabetes (33) and asthma (34). We also 
conducted an exploratory analysis to examine whether composition of the gut microbiome at 
1 year was associated with global and regional brain volumes assessed through structural 
magnetic resonance imaging at 1 and 2 years.
METHODS AND MATERIALS
Study Population
We recruited 89 one-year-old infants (twins and singletons) from two prospective 
longitudinal studies of early brain development at the University of North Carolina at Chapel 
Hill (30; 31; 35; 36). Exclusion criteria for the parent studies included fetal ultrasound 
abnormalities and major medical illness of the mother. Informed written consent was 
obtained from the parent/legal guardian of each subject. This study was approved by the 
Institutional Review Board of the University of North Carolina at Chapel Hill.
Microbiome Analysis
Parents collected approximately 200 mg of fecal material from a single diaper, placed it in a 
tube filled with Allprotect reagent (Valencia, CA), and returned it through overnight 
shipping. Once received, samples were stored at −80°C until analysis. 16S rRNA amplicon 
sequencing of the V1-V2 gene region (37; 38) was performed on the Illumina MiSeq 
platform for identification and relative quantification of bacterial taxa as previously 
described (25; 39). Bioinformatics was performed with Quantitative Insights Into Microbial 
Ecology (QIIME) software (40). The de novo algorithm was used for OTU picking and 
chimeric sequences were removed with ChimeraSlayer. Taxonomic assignment, alpha and 
beta diversity analysis were done via QIIME (41; 42). Clustering analysis was completed 
with distance metrics applied to the relative genus abundance from the 89 subjects with 
Partitioning Around Medoids as the clustering algorithm. Cluster scoring methods were used 
to assess the optimal number of clusters. See Supplementary Methods for details.
Genera Analysis and Co-occurrence Networks
A modified Kruskal Wallis test for zero-inflated data (ZIKW) was applied to identify 
significant differences in relative genera abundance between clusters (FDR < 5%). 
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Permutation was used to ensure accurate p-values. To better understand the unique 
community dynamics of each cluster, we used one representative genera from each cluster as 
a seed to generate co-occurrence networks via Spearman correlations. See Supplementary 
Methods for details.
Cognitive Testing
The Mullen consists of five separate Scales, with their own age-group standardized 
normative T-scores and percentiles, and an Early Learning (cognitive) Composite (ELC) 
similar to an IQ score or the Bayley MDI (43). The 5 Scales measure gross motor, fine 
motor, visual reception, expressive language, and receptive language skills. The standardized 
T-scores of 4 scales (gross motor not included) are combined to create the ELC. The Mullen 
has good standardization and reliability data, with median internal consistency scores 
ranging between 0.75 and 0.91, and test-retest correlations over 0.82 for 1–25 months. 
Mullen data were collected over a period of three years by several experienced examiners 
who were blind to microbiome characteristics. All cognitive data was screened for quality 
control and no data warranted exclusion from this study (see Supplementary Methods). This 
provided cognitive data for 86 subjects at 1 year of age and 69 subjects at 2 years of age.
Structural Image Acquisition
T1-weighted images were acquired on a Siemens head-only 3T TIM-Trio scanner (Siemens 
Medical System, Erlangen, Germany) during unsedated natural sleep (median age at scan 1 
= 12.8 months, median age at scan 2 = 25.1 months). Scan parameters at years 1 and 2 were 
as follows: MP-RAGE time repetition [TR] = 1900 ms, time echo [TE] = 3.74 ms, flip angle 
= 7°, image resolution = 1×1×1mm. A total of 38 infants at year 1 did not go to sleep or 
woke up in the scanner (success rate: 57%). A total of 61 infants at year 2 did not go to 
sleep, woke up in the scanner, or were lost to follow up (success rate: 31%).
Image Analysis
Images were examined to exclude scans with motion and imaging artifacts (year 1 n=3, year 
2 n=1). Brain tissue was classified as gray matter, white matter, and cerebrospinal fluid using 
an atlas-moderated iterative expectation maximization segmentation algorithm with T1 
images as previously described (30). Lateral ventricle volume was segmented using ITK-
SNAP (44) as previously described (31). Gray matter was parsed into 90 regions by non-
linear warping of a neonatal adaptation of the AAL atlas template as previously described 
(31; 45). With these methods, we obtained measures of intracranial volume, total gray 
matter, total white matter, total cerebrospinal fluid, lateral ventricle volume, and 90-region 
gray matter volumes at 1 year of age for 46 subjects and at 2 years of age for 27 subjects.
Association of Cognitive and Brain Outcomes with Cluster Membership and Alpha 
Diversity
Linear mixed effect models were used to test for effects of cluster membership and alpha 
diversity on cognitive performance and brain volumes as well as cluster membership on 
alpha diversity. Subjects with sensory deficits that would impede cognitive testing (n=2) or 
MRI abnormalities (n=1, gliosis, chronic venous ischemia) were excluded from analyses. 
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Likelihood ratio tests were used to test the significance of the coefficient of each cluster and 
alpha diversity measure. P-values of primary analyses were uncorrected while secondary 
analyses were adjusted for multiple comparisons using FDR. Sensitivity analyses were 
conducted to determine the effect of cluster independent of alpha diversity or alpha diversity 
independent of cluster by including either cluster membership or alpha diversity metrics as a 
covariate in the reciprocal analyses. Additional sensitivity analyses looked at change in 
Mullen scale raw scores from 1 to 2 years as well as 1-year performance in the subset of 
subjects with data at 2 years. Raw scores are better suited to longitudinal analyses as they 
are not age-adjusted while t- scores are. Demographic and medical variables associated with 
cluster membership or alpha diversity and neuroimaging or cognitive outcomes were 
included as covariates (See Supplementary Methods for details).
Metagenome Prediction from PICRUSt
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 
(PICRUSt) was used to predict metagenome functional content from the 16S rRNA 
sequencing data (46). The PICRUSt pipeline was used to predict the abundance of Kyoto 
Encyclopedia of Genes and Genomes (KEGG) orthologs by subject at the KO and collapsed 
KEGG pathway levels. This output was grouped by cluster and analyzed for group 
differences through Statistical Analysis of Taxonomic and Functional Profiles (STAMP) 
(47).
RESULTS
Infant microbiota cluster into three groups
There was modest support for clustering subjects into three groups based on average 
silhouette width and Calinksi-Harabasz scoring (Figure 1a). The Jensen-Shannon distance 
metric scored highest for three groups and was used for subsequent analyses. Clusters 
differed in the abundance of many genera (Supplementary Table 1) with Cluster 1 
characterized by relatively high abundance of Faecalibacterium, Cluster 2 by relatively high 
abundance of Bacteroides, and Cluster 3 by relatively high abundance of an unnamed genus 
in the family Ruminococcaceae. Co-occurrence networks show positive and negative 
correlations between different genera (Fig 1b).
Identification of predictor covariates
Breastfeeding at time of sample collection (1 year), birth method, and paternal ethnicity 
were significantly different between clusters after FDR-correction (Table 1). Infants in C2 
were more likely to be breastfed at 1 year of age and less likely to have been born via 
cesarean section. Paternal ethnicity in C2 was 90% white compared to C3 and C1 with 71% 
and 57% white respectively. Having older siblings was associated with increased alpha 
diversity after FDR correction. Alpha diversity was increased in infants with Black or Asian 
paternal ethnicity and decreased in infants with Native American paternal ethnicity as 
compared to white paternal ethnicity (Supplementary Table 1).
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Cognitive abilities differ between clusters
Our primary analysis focused on ELC scores at 1 and/or 2 years of age. Significant 
differences were observed at 2 years of age (n=69) with C2 showing the highest 
performance and C1 showing the lowest performance (Figure 2a; p-value = 0.006). In order 
to determine how differences in ELC at 2 years of age related to specific functional domains, 
we performed secondary analyses testing whether the five individual Mullen Scales (gross 
motor, fine motor, visual reception, receptive language, and expressive language) differed 
between clusters at 2 years of age. Receptive language and expressive language were 
significantly different between clusters after FDR correction (Figure 2b, q-value = 0.005, q-
value = 0.005). No significant differences were observed in Mullen outcomes between 
clusters at 1 year (n=86).
Regional gray matter differences between clusters
We tested whether global and regional brain volumes differed between clusters at 1 and 2 
years of age (n=46, n=27). At 1 year, the right superior occipital gyrus was largest in C2 and 
smallest in C3 (covariates: cesarean section, paternal ethnicity, currently breastfeeding, total 
intracranial volume; q=0.037). At 2 years of age, the left and right caudate nucleus were 
smallest in C2 and largest in C3 (covariates: cesarean section, paternal ethnicity, currently 
breastfeeding, total intracranial volume; q=0.001, q=0.003). There were no differences in 
intracranial volume, total white matter, total gray matter, total cerebrospinal fluid, lateral 
ventricle volume, or other 90-region parcellation volumes at 1 or 2 years of age.
Predicted metagenome of gut microbiota differs between clusters
Group differences were observed in orthologs and functional categories between clusters at 
each level of the collapsed KEGG pathways (Supplementary Table 3; q<0.05). As C2 
showed the highest performance on the Mullen Scales, we were particularly interested in 
metabolic differences unique to this group. At level 2 of the KEGG pathways, C2 had 
increased “Metabolism of Cofactors and Vitamins” as well as decreased “Cell Motility.” 
Within these categories, genes involved in metabolism of biotin, lipoic acid, folate, and 
ubiquinone and other terpenoid quinones were increased while genes involved in bacterial 
chemotaxis, flagellar assembly, bacterial motility proteins, and cytoskeleton proteins were 
decreased.
Alpha diversity correlates with cognitive performance
Four measures of alpha diversity, Chao1 (CH1), observed species (OS), Shannon Index (SI), 
and Faith’s Phylogenetic Diversity (FPD) were tested for associations with the ELC. At 2 
years of age, the primary analysis showed a significant negative correlation of ELC with 
CH1, OS, FPD (Figure 3a; p=0.013, p=0.008, p=0.030). No significant associations were 
observed at 1 year of age. Secondary analysis of individual Mullen Scales at 2 years of age 
revealed a significant negative correlation of expressive language with CH1 (q=0.002), OS 
(q=0.009), and FPD (q=0.016) and negative correlation of visual reception with CH1 
(q=0.031), OS (q=0.016), and SI (q=0.038) after FDR correction (Figure 3b). Alpha 
diversity measures accounted for 5 to 23% of the variance in Mullen scores.
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Alpha diversity associated with regional gray matter volumes at 2 years of age
Secondary analyses testing the association of alpha diversity metrics with brain volumes at 1 
and 2 years of age revealed three regions of significance at age 2 (covariates: older siblings, 
paternal ethnicity, total intracranial volume). These included the left precentral gyrus (CH1, 
q=0.025), left amygdala (OS, q=0.046), right angular gyrus (CH1, q=0.025), all with 
positive directionality. There were no associations with intracranial volume, total gray 
matter, total white matter, total cerebrospinal fluid, lateral ventricle volume, or other regional 
volumes at 2 years of age after FDR correction. Similarly, no significant associations of 
alpha diversity metrics with 1-year brain volumes were observed after FDR correction.
Alpha diversity differs between clusters
Finally, we tested whether measures of alpha diversity differed between clusters. FPD, SI, 
OS, and CH1 were all significantly different between clusters with C1 showing the greatest 
alpha diversity and C2 showing the least (Fig. 4).
Sensitivity Analyses
We conducted analyses to determine if cluster membership or alpha diversity had the larger 
impact on outcomes by including either cluster or individual alpha diversity metrics as a 
covariate. Most notably, cognitive results of cluster analyses retained significance with CH1, 
FPD, and SI as covariates, but results were lost with OS (a measurement of richness rather 
than evenness). ELC at 2 years of age was no longer significantly associated with alpha 
diversity when cluster was included as a covariate (Supplementary Table 4). A second 
sensitivity analysis assessed the change in Mullen performance between 1 and 2 years. This 
was done using raw scores (not age-adjusted) for GM, FM, VR, RL, and EL. Change in 
performance between 1 and 2 years of age was significantly different between clusters for 
RL and EL (Figure 5, q=0.007, q=0.007). Finally, we performed an analysis of 1-year 
cognitive outcome by cluster in a subset of subjects also with data at 2 years (n=69) 
(Supplementary Figure 1). Results remained null in this group.
DISCUSSION
There is increasing agreement from preclinical work that the gut microbiota influences brain 
development during a critical period in early life resulting in long-term changes in behavior. 
This is the first study to show that variation in the human gut microbiome is associated with 
cognition in a cohort of typically developing infants during the hypothesized sensitive 
period. This study does not attempt to address a causative role in the observed relationships, 
but is an important translational starting point.
Previous work suggests that the human gut microbiome achieves an adult-like state between 
one to three years of age (48; 49), but to our knowledge this is the first study to test whether 
distinct groups of subjects, defined by their bacterial composition, are present at this age. In 
adults, several studies have supported the existence of three clusters (sometimes called 
enterotypes) characterized by the relative abundance of Bacteroides, Prevotella, and 
unclassified genera in the family Ruminococcaceae (50; 51) though there is ongoing debate 
as to whether individual variation is best described in terms of clusters or gradients (52). Our 
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data suggest that at least two of the three canonical adult enterotypes, those characterized by 
differentially increased abundance of Bacteroides and Ruminococcaceae, may already be 
present at 1 year of age. Alternatively, the clusters we observed may reflect differences in 
the developmental rate of the gut microbiome. In particular, the cluster with increased 
abundance of Bacteroides may reflect a subgroup of children with delayed maturation of the 
gut microbiome, given recent reports that the first two years of life are characterized by a 
succession of bacterial taxa in which facultative aerobic Enterobacteriaceae give way to 
strict anaerobes, including Bacteroides, which are then displaced by a diverse mixture of 
Clostridiales including Ruminococcaceae, Faecalibacterium, and Lachnospira (24; 53).
The environmental and genetic factors influencing cluster membership were not a primary 
focus of the current study, but we did investigate a number of potentially important 
demographic, medical history, and feeding history variables. In keeping with the 
conceptualization of C2 as a less mature microbiome, children in C2 were more likely to be 
breastfed at the time of sample collection. Maturation into an adult-like microbiota is 
primarily determined by cessation of breast-feeding (49). Birth method was significantly 
different between clusters with C2 (high levels of Bacteroides) less likely to be born via 
cesarean section. This is in keeping with prior research showing that cesarean section is 
associated with reduced levels of Bacteroides shortly after birth as well as increased levels of 
multiple taxa within phyla Firmicutes and Proteobacteria (24). Finally, there was an 
observed difference in paternal ethnicity between clusters. Maternal race/ethnicity has been 
previously associated with the infant microbiome (54; 55). This association could reflect 
both genetic and environmental factors associated with this sociocultural construct. 
Importantly, the associations we observed between cluster membership and cognitive 
performance at age 2 were present when controlling for breastfeeding at 1 year, cesarean 
section, and paternal ethnicity. We did not observe any associations with antibiotic exposure 
during the first year of life or consumption of formula and other milks. Antibiotic exposure 
delays microbiota maturation (24), but in the current sample, any taxa suppressed by early 
antibiotic exposure appear to have rebounded by 1 year. Other factors that might influence 
cluster membership such as the type and diversity of solid foods and prenatal stress were not 
measured in the current study, but would represent a valuable addition to future studies.
Clusters at 1 year of age predicted cognitive performance at 2 years of age with C2 (high 
levels of Bacteroides) showing the highest level of performance (90th percentile) and C1 
(high levels of Faecalibacterium) showing the lowest level of performance (72nd percentile), 
though no individuals scored in the cognitively impaired range (ELC < 70). Examination of 
the Mullen Scales demonstrated significant differences in receptive language and expressive 
language, though a similar pattern of C2>C3>C1 was observed for the visual reception scale 
as well. It is likely that all three metrics contributed to the overall significant difference in 
ELC. The receptive language and expressive language findings may have relevance to 
disorders characterized by language impairments and delays. There are interesting parallels 
between our work and studies in maternal immune activation (MIA) mouse models of 
neurodevelopmental disorders. MIA mice exhibit altered gut microbiota and decreased 
ultrasonic vocalizations. These vocalizations were restored through administration of 
Bacteroides fragilis (4), a member of the genus most prevalent in our high performing 
expressive language group.
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Alpha diversity at 1 year of age also predicted cognitive performance at 2 years of age. 
Higher diversity was associated with poorer scores on the ELC, visual reception, and 
expressive language scales. This was somewhat surprising as high alpha diversity in infancy 
indicates a more mature, adult-like community and low alpha diversity in infancy is 
associated with negative health outcomes including type 1 diabetes (33) and asthma (34). It 
has been hypothesized that functional redundancy provided by a highly diverse microbiome 
may allow individuals to better respond to environmental fluctuations, promoting intestinal 
homeostasis and maintaining human health (24). However, the notion that alpha diversity is 
always positive has been challenged recently as high alpha diversity has been found in adult 
subjects with major depressive disorder (19) and ASD (16). Our data add to this growing 
body of research which suggests increased diversity is not necessarily beneficial for 
neurocognitive or neuropsychiatric outcomes. Rather, higher diversity may mean less 
resources afforded to gut microbiota beneficially impacting neurodevelopment. In addition, 
delayed maturation of the gut microbiome may be associated with a prolonged period of 
cortical plasticity and maturation leading to better cognitive performance.
Analysis of the change in Mullen scores for receptive language and expressive language 
from 1 to 2 years of age were also significantly different between clusters. This result 
suggests that the gut microbiome may influence the developmental trajectory of cognition. 
The contribution of the gut microbiome to cognition at 2 years of age may be a downstream 
consequence of the community’s influence on development at 1 year of age—possibly 
through changes in systemic immunity, circulating short chain fatty acids and other 
metabolites, including various neuroactive compounds, or neuromodulation via vagal 
stimulation, all of which have been described in animal models (1). Alternative explanations 
for finding associations at 2 years, but not 1 year, include less accurate cognitive assessment 
at age 1 due to greater reliance on parental report or that scores at 1 year represent individual 
differences in maturational pace whereas scores at 2 may represent more persistent 
differences in cognitive ability.
PICRUSt analysis suggested mechanisms that might underlie microbial effects on 
neurodevelopment. In C2, there was increased predicted prevalence of genes related to the 
production of vitamins and cofactors (biotin, lipoic acid, folate, ubiquinone, other terpenoid 
quinones) while genes involved in pathogenicity (bacterial chemotaxis, flagellar assembly, 
bacterial motility proteins, cytoskeleton proteins) were decreased. The combination of 
increased neurodevelopmentally important metabolites like folate (56–58) and reduced 
pathogenic and inflammatory potential from gut commensals may play a role in the higher 
cognitive performance of C2. However, PICRUSt analysis is limited as it relies on predicted 
metagenomic information rather than direct measurement of gene expression. Results may 
be influenced by primer selection, orthology scheme, and reference genome (46).
In exploratory analyses of regional gray matter volumes, we observed several significant 
associations with microbiome measures. However, these findings were anatomically 
distributed, mostly unilateral, and varied in direction of effect. Consequently, they should be 
treated with caution until replicated. Studies incorporating other neuroimaging phenotypes 
such as cortical thickness and surface area, diffusion tensor imaging (DTI), and functional 
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connectivity or activation may provide additional insights into the neural circuits mediating 
the microbiome’s impact on cognition.
In conclusion, we have shown that microbial composition of the human gut at 1 year of age 
predicts cognitive performance at 2 years of age, particularly in the area of communicative 
behavior. Results may have implications for developmental disorders characterized by 
cognitive or language delay. Strengths of this study include its prospective design, focus on 
infancy, and incorporation of structural MRI. Limitations include the following: 1. 
Microbiota were assessed at a single timepoint when the intake of solid foods varies 
significantly, potentially resulting in rapid shifts in the gut microbiome (49; 59). 
Longitudinal studies incorporating multiple measurements of the microbiota would address 
this limitation and help delineate temporal relationships between microbial colonization and 
brain development in human infants. 2. This work took advantage of two ongoing 
prospective longitudinal studies of early brain development (30; 31; 35; 36). Consequently, 
the behavioral outcomes examined were not selected based on their potential relevance to 
the microbiome. In rodents, the most consistent behavioral alterations following 
manipulation of the gut microbiota are in the realm of anxiety and depression-related 
behaviors. Future studies ought to directly probe these domains. 3. Functional differences 
between clusters were inferred from marker gene data. Future studies using broad-spectrum 
metabolomics or transcriptomics would yield more insight into mechanisms underlying the 
relationships we observed. Ultimately, with further research, it may become possible to 
guide the development of the gut microbiome through targeted interventions, thereby 
supporting cognitive development.
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Infancy is a period when the human brain undergoes rapid changes. It is also the 
foundational period for microbial colonization of the gut. Little is known about the 
relationship between these processes. In a preliminary study of 89 infants, we 
demonstrate that microbial composition at 1 year of age is associated with cognition at 2 
years of age. Results deepen our understanding of the human microbiome-gut-brain axis 
and may have implications for improving cognitive outcomes.
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Figure 1. Infant gut microbiome at 1 year of age clusters into three groups
A. Distance metrics (unweighted Unifrac, weighted Unifrac, Jensen-Shannon, Root Jensen-
Shannon, Bray-Curtis) were scored with average silhouette width (SW), Calinski-Harabasz 
(CH), and prediction strength to identify the number of clusters with most support. Modest 
support for clustering into three groups was supported by SW and CH. B. (Top) Boxplots of 
genera selected as seed regions for co-occurrence networks. (Bottom) Co-occurrence 
networks show positive and negative correlations between different genera.
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Figure 2. Performance on Mullen Scales of Early Learning at 2 years of age differs between 
clusters
A. Individual value plot showing performance on the Mullen Early Learning Composite by 
cluster (p-value = 0.006). B. Individual value plot showing secondary analysis of the Mullen 
Scale performance by cluster (receptive language q-value = 0.005, expressive language q-
value = 0.005). Covariates for both analyses: cesarean section, paternal ethnicity, currently 
breastfeeding, sex, maternal education, paternal age, paternal ethnicity, twin status, income.
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Figure 3. Alpha diversity is negatively correlated with cognitive scores at 2 years of age
A. Plots of primary analysis, Early Learning Composite versus alpha diversity measures, 
show negative correlations. Covariates: older siblings, paternal ethnicity, sex, maternal 
education, paternal age, twin status, income B. Secondary analyses with the separate Mullen 
Scales show a negative association of expressive language with alpha diversity. Covariates: 
older siblings, paternal ethnicity, sex, maternal education, paternal age, twin status, income.
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Figure 4. Clusters differ by three measures of alpha diversity
Individual value plots of Faith’s Phylogenetic Diversity, Shannon Index, Observed Species, 
and Chao1 by cluster. Covariates: cesarean section, paternal ethnicity, currently 
breastfeeding, older siblings.
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Figure 5. Change in receptive language and expressive language scales from 1 to 2 years of age 
differs between clusters
Plot of average raw scores by cluster from 1 to 2 years of age. (receptive language q=0.007, 
expressive language q=0.007) Covariates: sex, age at Mullen testing, maternal education, 
paternal education, paternal ethnicity, twin status, total household income, maternal 
psychiatric history
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